We investigated effects of neutron-proton (np) pairing correlations comprising isoscalar (IS) and isovector (IV) component on Gamow-Teller (GT) transitions of 56,58,62,64 Ni by taking into account nuclear deformation in a deformed Woods-Saxon mean field. Our GT calculations based on a deformed Bardeen-Cooper-Schriffer (DBCS) approach have been performed within a deformed quasi-particle random phase approximation (DQRPA) which explicitly includes the deformation as well as all kinds of pairing correlations not only at the DBCS but also at the DQRPA stage.
I. INTRODUCTION
In general, like-pairing correlations, such as proton-proton (pp) and neutron-neutron (nn) pairing usually adopted in understanding the nuclear superfluidity, have isovector spinsinglet (T = 1, J = 0) mode and manifest themselves as nuclear odd-even mass staggering.
They contribute to keeping spherical properties due to their J = even couplings against the deformation treated in the mean field.
On the other hand, neutron-proton (np) pairing correlations in the residual interaction are expected to play meaningful roles in N Z nuclear structure, and relevant nuclear electro-magnetic (EM) and weak transitions because protons and neutrons in these nuclei It means that the IV quenching giving rise to IS condensation may become of an important ingredient for understanding the nuclear deformation in those nuclei. In Refs. [11, 12] , we demonstrated that such IS condensation is really feasible in those sd-and pf -shell nuclei, in particular, for large deformation region. Similar discussions were carried out by other authors [13, 14] . But the deformation was not explicitly taken into account. Ref. [13] argued that the IS np pairing may affect the low-lying Gamow-Teller (GT) state near to the isobaric analogue resonance (IAR) for pf -shell N = Z + 2 nuclei by studying the GT data [15] . Ref. [14] has performed a self-consistent pn-QRPA based on a relativistic HFB approach, which clearly demonstrated the importance of the np pairing, specifically, IV np pairing, for proper understanding the GT peaks. But, very recent calculation of the GT strength for Ni isotopes by pn-QRPA [16] is based only on the like-pairing correlations in the spherical QRPA.
Main interests in this work are how to interrelate the np pairing in the residual interaction with the deformation considered in the mean field on the Gamow-Teller (GT) transition because the IS pairing may compete with the deformation features due to its coupling to non-spherical J = odd states. Most studies have focused on the N = Z nuclei because the np pairing is expected to be larger rather than other N = Z nuclei. However, as shown in a recent work [17] , the nuclear structure of the N Z nuclei may also be more or less affected by the np pairing correlations.
In our recent papers [18, 19] , we developed a deformed QRPA (DQRPA) approach by explicitly including the deformation [18] , in which all effects by the deformation and the likepairing (nn and pp) correlations are consistently treated at the Deformed BCS (DBCS) and RPA stages. But the np pairing correlations were taken into account only at the DBCS with a schematic interaction and a G-matrix type interaction [19] . Very recently both effects are simultaneously considered and applied to the GT strength study of 24, 26 Mg at Ref. [20] and other N = Z sd-shell nuclei at Ref. [21] . We argued that the np pairing correlations as well as the deformation may affect the sd-shell nuclear structure and their GT response functions.
Along these preceding papers, here, we extend our applications to the GT strength study of pf -shell nuclei in order to understand the interplay of the pairing correlations and the deformation in the medium heavy nuclei.
In this work, we also investigate how such IS condensation and deformation affect the GT strength distribution in pf -shell nuclei, because roles of the IS and IV pairings in the deformed mean field and their effects on the GT strength distributions are still remained to be intensively discussed in those medium heavy nuclei. Our results are presented as follows.
In section II, a brief pedagogical explanation of the formalism is introduced. Numerical GT results for 56,58 N i and 62,64 Ni are discussed in Sec. III. A summary and conclusions are done in Sec. IV.
II. THEORETICAL FORMALISM
The np pairing correlations change the conventional quasi-particle concept, i.e., quasineutron (quasi-proton) composed by neutron (proton) particle and its hole state, to quasiparticle 1 and 2 which may mix properties of the quasi-proton and quasi-neutron. Here we explain briefly the formalism, DBCS and DQRPA, to be applied for GT transition strength distributions of some Ni isotopes, in which we include all types pairings as well as the deformation. We start from the following DBCS transformation between creation and annihilation operators for real (bare) and quasi-particle states [18] 
Hereafter Greek letter denotes a single-particle state (SPS) of neutron and proton with a projection Ω of a total angular momentum on a nuclear symmetry axis. The projection Ω is treated as the only good quantum number in the deformed basis. We assume the time reversal symmetry in the transformation coefficient and do not allow mixing of different SPSs (α and β) to a quasi-particle in the deformed state.
But, in a spherical state representation of Eq. (1), the quasi-particle states would be mixed with different particle states in the spherical state because each deformed state (basis)
is expanded by a linear combination of the spherical state (basis) (see Fig. 1 at Ref. [18] ).
In this respect, the DBCS is another representation of the deformed HFB transformation in the spherical basis. If we discard the np pairing, Eq. (1) is reduced to the conventional BCS transformation in a deformed basis.
The other merit is that, by expanding all deformed wave functions constructed from the deformed harmonic oscillator basis into the spherical basis, we may exploit the Wigner-Eckardt theorem for more complicated physical operators in the deformed states. Finally, using the transformation of Eq. (1), the following DBCS equation was obtained
where E αα is the energy of a quasi-particle denoted as α (=1 or 2) in the α state. The pairing potentials in the DBCS Eq. (2) were calculated in the deformed basis by using the Gmatrix obtained from the realistic Bonn CD potential for nucleon-nucleon (N-N) interaction as follows
where
was introduced to describe the G-matrix in the deformed basis with the expansion coefficient B α calculated as [18] 
Here K is a projection number of the total angular momentum J onto the z axis and selected as K = 0 at the DBCS stage because we considered pairings of the quasi-particles at α and α states. G(aacc JT ) represents a two-body (pairwise) scattering matrix in the spherical basis, where all possible scattering of the nucleon pairs above Fermi surface were taken into account.
In the present work, we have included all possible J values with the K = 0 projection.
∆ αnᾱn is the similar to Eq. (3) where n was replaced by p. In order to renormalize the Gmatrix due to the finite Hilbert space, strength parameters, g pp , g nn , and g np were multiplied
with the G-matrix [7] by adjusting the pairing potentials, ∆ pp and ∆ nn , in Eq. (3) to the empirical pairing gaps, ∆ emp p and ∆ emp n , which were evaluated by a symmetric five mass term formula for the neighboring nuclei [19] using empirical masses. The theoretical np pairing gaps were calculated as [7, 22] δ th.
Here H 12 gs (H np gs ) is a total DBCS ground state energy with (without) np pairing and E 1 + E 2 (E p + E n ) is a sum of the lowest two quasi-particle energies with (without) np pairing potential ∆ np in Eq. (2).
For the mean field energy p(n) in Eq. (2) we exploited a deformed Woods-Saxon potential [23] with the universal parameter set. By taking the same approach as used in the QRPA equation in Ref. [24] , our Deformed QRPA (DQRPA) equation including the np pairing correlations was summarized as follows,
where the amplitudesX (7) stand for forward and backward going amplitudes from state αα to ββ state [7] .
Our DQRPA equation is very general because we include the deformation as well as all kinds of pairing correlations still remained in the mean field. If we switch off the np pairing, all off-diagonal terms in the A and B matrices in Eq. (7) disappear with the replacement of 1 and 2 into p and n. Then the DQRPA equation is decoupled into pp + nn + pn + np DQRPA equations [25] . For charge conserving (or neutral current) reactions, pp + nn DQRPA can describe the M1 spin or EM transitions on the same nuclear species, while np + pn DQRPA describes the GT(+/-) transitions in the charge exchange (or charged current) reactions. Here it should be pointed out that np DQRPA is different from pn DQRPA because of the deformation. The A and B matrices in Eq. (7) are given by
where u and v coefficients are determined from DBCS Eq. (2). The two body interactions V αβ, γδ and V αδ, γβ are particle-particle and particle-hole matrix elements of the residual N − N interaction V , respectively, in the deformed state, which are detailed at Ref. [19] .
The GT transition amplitudes from the ground state of an initial (parent) nucleus to the excited state of a daughter nucleus, i.e. the one phonon state K + in a final nucleus, are written as , by Relativistic Mean Field (RMF) [30] and FRDM model [31] for some Ni isotopes. Empirical pairing gaps evaluated from the five-point mass formula [7] are also shown. Last column denotes Ikeda sum rule for GT transition [18] as a percentage ratio to 3(N −Z). where | QRP A > denotes the correlated QRPA ground state in the intrinsic frame and the nomalization factor is given as N αα ββ (J) = 1 − δ αβ δ α β (−1) J+T /(1 + δ αβ δ α β ). The forward and backward amplitudes,
, where σ αα ββ = 1 if α = β and α = β , otherwise σ αα ββ = √ 2 [7, 21] .
The particle model space for all Ni isotopes was exploited up to N = 5 ω for a deformed basis and up to N = 10 ω for a spherical basis. In our previous papers [18, 19, 26] , SPSs obtained from the deformed Woods-Saxon potential were shown to be sensitive to the deformation parameter β 2 , which causes the shell evolution by the deformation. In this work, we allow some small variation within 20 % from theoretical β 2 values in Table I For direct comprehension of feasible effects due to the np pairing and the deformation in the GT transition, first, we took two Ni isotopes, 56,58 Ni, which are known as the nuclei affected easily by the np pairing correlations [27, 28] . 56 Ni is thought to be almost spherical because of its double magic number. But, in this work, we allowed small deformation, from spherical (β 2 = 0.0) to small deformation (β 2 = 0.15), in order to study the correlations of the deformation and the np pairing. We note that if we take a α-cluster model for 56 Ni, the ground state may be deformed [32] . Second, we calculated the GT strength distribution for 62,64 Ni, which have more excess neutrons with finite deformation. Moreover, they have stronger np pairing gaps, almost twice, rather than 58 Ni as shown in Table I , where we show the empirical pairing gaps, the deformation parameter β 2 deduced from E2 transition data and theoretical estimations for Ni isotopes. Also we show Ikeda sum rule results for GT strength distribution.
Recent calculations by the QRPA with particle-vibration coupling (PVC) based on the Skyrme interaction [33] addressed that the PVC contribution may spread or redistribute the GT strength for the double magic nucleus and also other Ni isotopes. But, if we recollect that the PVC contribution originates from the particle or hole propagation inside nuclei, these contributions can be taken into account by the Brueckner G-matrix in the Brueckner HF (BHF) approach, which already includes such nucleon-nucleon interaction inside nuclei through the Bethe-Goldstone equation. In the following, we discuss our numerical results for the GT strength distributions for 56,58 Ni and 62,64 Ni. In the left panel, the more deformation scatters the distribution to the bit higher energy regions because of the repulsive particle-hole (p−h) interaction. But, the two peaks peculiar to this GT distribution data were not reproduced well only by the deformation. Namely, the 2nd high energy peak does not appear enough to explain the data.
In the right panel, we showed the np pairing effects, which push the distribution to the higher energy region even without the deformation, if one compares the results in the left panel to the right panel with the same deformation. Contrary to the p − h repulsive force by the deformation, the np pairing is mainly attractive, by which the Fermi energy difference of protons and neutrons, ∆ f = p f − n f , is reduced by its attractive interaction and consequently gives rise to high-lying GT transitions between deeply bound neutron and proton single particle states [21] . As a result, the two peaks and their magnitudes appear explicitly by the np pairing.
This feature becomes significant in the running sum in Fig. 2 , if one notes differences of the solid lines (with the np) and the dashed lines (without the np). Therefore, the deformation just scatters the strength distributions to a higher energy region by the repulsive But the np pairing gives rise to more effective smearing, which leads to the deeper Fermi energies, compared to the deformation effect, if we compare results in Fig.3 (a) and (c) to those in Fig.3 (b) and (d) .
Recently, the IV quenching was reported at the M 1 spin strength distribution of N = Z sd-shell nuclei [10] . Because this quenching may mean the condensation of the IS pairing in the np pairing, we tested the IS pairing effects on the GT distribution [11, 12] . effect.
We took the enhanced IS pairing factor as 3.0 as argued in our previous paper [11, 12] .
Because the IS pairing causes more attractive interaction, as shown in 3 S 1 state in the np interaction, rather than the IV coupling, the shift of the GT strength distributions by the np pairing is mainly attributed to the IS coupling condensation. This trend is also found in the results of Fig. 1 . The IS and IV np effects also manifest themselves in the GT running sum of Fig.4 (e) . Not only the IV effect but also the IS effect are shown to be salient on the GT strength in this N = Z nucleus.
In order to study the np pairing effects in N > Z nucleus, we present the GT results for 58 Ni in Fig. 5 . In Ref. [13] , extensive discussions of the GT states of pf -shell N = Z + 2 nuclei have been done for the experimental data [15] . They addressed that the IS np pairing could be a driving force to create low-lying GT states for those nuclei because the IS np pairing induces only transitions with same j value near to the Isobaric Analogue Resonance (IAR) owing to the isospin operator. If we look into detail those results in Fig.5 , similar effects can be found at low-lying GT states around 12 MeV region, whose distributions become spilled out to a low-lying energy region by the IS np pairing contribution, but the dependence on the deformation is larger than that by the np pairing and its strength by the IS np pairing is small compared to the main GT peak, as explained in Ref. [13] .
If we compare to the results 56 Ni in Fig.1 states and their experimental data [37] , where the deformation effect is more significant than the np pairing effect.
For 58 Ni, the deformation effect turned out to be more important rather than the np pairing correlations, as confirmed in the running sum in Fig. 7 . Differences between colored solid and dot-dashed (dotted and dashed) curves by the np pairing correlations are smaller than those by the deformation compared to the results in Fig. 2 for 56 Ni case. However, calculations. GT(-) data are taken from the isospin decomposition with (p, p ) scattering data [36] . But GT(+) data are normalized to the lowest B(GT) by the calibration from β-decay [37] .
Therefore, these data do not satisfy the Ikeda sum rule (ISR) for GT strengths. the np pairing correlations turned out to play a role of explaining properly the GT running sum as shown in Fig. 7 . Figure 8 provides the GT strength distributions for 62,64 Ni, which shows stronger np pairing effects rather than those of 58 Ni in Fig.5 . That is, the np pairing separates explicitly the GT distribution into a low-lying and a high-lying part adjacent to GTGR position. If we recollect that the np pairings of 62,64 Ni are almost twice of that of 58 Ni as shown in Table   I , this separation is quite natural. Moreover, the larger deformation of those nuclei scatters those distributions rather than those of 58 Ni. If we note the shift of the GTGR position to the reasonable region around 11 MeV, which is consistent with the data in Ref. [38] , the np pairing effect is indispensable even for these pf -shell N = Z nuclei, 62,64 Ni. More experimental data for these nuclei would be helpful for more definite conclusion for the np pairing correlations effect on the GT transition strength distributions.
Recently, many papers argued the tensor force effect on the GT strength [13, [39] [40] [41] . The tensor force effect in Ref. [13] , which is based on the zero range pairing force usually adopted in the Skyrme-Hartree-Fock (SHF) approach, shifts the high-lying GT state downward a few MeV owing to the its attractive force property. However, this trend may become changed by the deformation because of the following facts. The angular momentum J is not a good quantum number in Nilsson basis, as a result it can be split by the deformation. It means that several angular momentum components are mixed in a deformed SPS, which makes direct understanding of a role of the tensor force in a deformed mean field fuzzy. Also the deformation changes the level density around the Fermi level, which leads to some increase or decrease of the pairing correlations, depending on the Fermi surface as argued in Refs. [39, 40] . For example, recent calculation in Ref. [41] showed that the tensor force could be attractive, but sometimes it could be repulsive along with the SPS evolution with the deformation.
The tensor force in our DQRPA approach is explicitly taken into account on the residual interaction by the G-matrix calculated from the Bonn potential which explicitly includes the tensor force in the potential. In the mean field, the tensor force is implicitly included because of the phenomenological Woods-Saxon potential globally adjusted to some nuclear data.
But, in order to discuss the separated tensor force effect on the GT strength distribution, the present approach needs more detailed analysis of the tensor force effect on the mean field as done in Ref. [39] , in which a tensor type potential is derived for reproducing the G-matrix calculation. But the approach is beyond the present calculation and would be a future project.
IV. SUMMARY AND CONCLUSION
In summary, in order to discuss the effects of the IS and IV np pairing correlations and the deformation, we calculated the GT strength distribution of 56,58 Ni and 62,64 Ni, which are N = Z and N − Z =2 ,6, and 8 nucleus, respectively. The np pairing effects turned out to be able to properly explain the GT strength although the deformation was shown to be also the other important property. In particular, the IS condensation part played a meaningful role to explaining the GT strength distribution of N = Z nucleus, 56 Ni, whose GT strength distribution was shifted to a bit higher energy region by the reduction of the Fermi energy difference of proton and neutron due to the attractive np pairing. For 58 Ni, the deformation was more influential rather than the np pairing. But for 62,64 Ni, the situation is reversed because the np pairing correlations are stronger than 58 Ni. Namely, the np pairing divides the GT strength distribution into a low and high energy region.
Therefore, the deformation treated by a mean field approach can be balanced by the spherical property due to the IV np pairing coming from the unlike np pairing as well as the like-pairing correlations. But the IS spin-triplet np part, which contributes more or less to the deformation property due to its coupling to odd J states, may give rise to more microscopic deformation features which cannot be included in the deformed mean field approach, and push the GT states to a bit high energy region. But all of the present results are based on a phenomenological Woods-Saxon potential. More self-consistent approaches are desirable for further definite conclusions on the IS np pairing correlations. Finally, the GT strength distribution as well as the M1 spin transition strength are shown to be useful for investigating the IS and IV pairing properties.
